Graphene encapsulated in single crystal hexagonal boron nitride(hBN) dielectrics and graphite gates is an exceptionally tunable, high mobility electron system [1] [2] [3] [4] hosting a variety of robust fractional quantum Hall (FQH) states, including several thought to harbor nonabelian excitations. Most proposals to demonstrate topological quantum bits using these states [5, 6] are based on mesoscopic transport measurements; however transport measurements in dual-graphite gated devices [2] are bedeviled by a host of issues arising from the uncontrolled graphene crystal edges, which complicated quantitative studies. Here we demonstrate the fabrication of edgeless devices with contacts only to the sample bulk-topologically equivalent to the Corbino disk geometry. We use the resulting direct measurement of the bulk longitudinal conductivity to perform quantitative studies of the FQH in monolayer graphene devices. We show that a substrate-induced sublattice splitting [7, 8] combined with moderate magnetic field completely lifts the spin-and valley degeneracy native to graphene, resulting in a highly particle-hole symmetric zero energy Landau level with fractional quantum Hall gaps in excellent agreement with numerical calculations [9] . Across a wide range of magnetic field and density, we additionally find evidence for spin textured excitations (at ν = −2/3, −4/3), strongly broken particle hole symmetry in the first excited Landau level, and a previously unreported phase transition between spin-and valley ordered states at ν = −4. Our results pave the way to precision tests of correlated physics in graphene, and suggest new routes towards probing edge state physics in the FQH regime.
Fractional quantum Hall states are the most experimentally accessible and controllable platform known to host anyonic quasiparticles-elementary excitations whose quantum statistics are neither fermionic nor bosonic. Dating back to the work of Kitaev [10] , a variety of theoretical proposals have sought to leverage the properties of a particular subset of anyons with nonabelian statistics to build decoherenceprotected quantum bits. Proposals fall in two categories, relying either on manipulating certain FQH states whose elementary excitations themselves are nonabelian [5] , or by engineering interfaces hosting nonabelian defects, for example between FQH states and conventional superconductors [6] . Graphene heterostructures present a promising venue to realize some of these proposals: graphene is atomically thin, allowing density control on the ∼ 10 nm scale and is amenable to superconducting proximity effects even at high magnetic fields [11] . Advances in sample fabrication over the past decade including suspension [12, 13] , hexagonal boron nitride (hBN) gate dielectrics [14, 15] , hBN encapsulation [16, 17] , and, most recently, single crystal graphite gates [1] [2] [3] [4] , have increased sample quality in graphene heterostructures to the point where a wide variety of fractional quantum Hall states can be observed at magnetic fields of only a few Tesla. In contrast to III-V quantum wells, capacitive probes of the sample bulk, rather than transport measurements, have yielded the highest resolution probes of FQH states [1, 3, 4, 18, 19] . However, capacitive measurements either require an exposed surface (precluding the dual graphite gate geometry) or are performed at finite frequency and thus involve convolution of thermodynamic compressibility and conductivity [20] . This makes them of limited quantitative value.
To address these issues, here we demonstrate the fabrication of quantum Hall devices in which the contacts are not connected by a natural graphene edge, but rather through the sample bulk. Figure 1a outlines our fabrication process. An initial stack comprising a graphene sheet sandwiched between two graphite gates and two hBN spacer layers, is made using a dry transfer process [17] . A lithography step is then performed in which the top gate (which will become the bottom gate of the completed device) is shaped using a partial CHF 3 /O 2 etch. The stack is then picked up using a PPC film, the film removed from the carrier PDMS substrate and placed stack-side-up on a new chip. The underlying PPC film is then thermally sublimated at 400
• C to leave the inverted stack on the SiO 2 chip surface. The stack is then shaped with another partial CHF 3 /O 2 etch, and then covered with a fourth hBN flake which serves to isolated the etched edges of the gates. A final etch shapes the device and opens internal apertures for Au/Pd/Cr deposition to contact the graphene flake. Flipping the stack allows independent shaping of the top and bottom gates, permitting a wide variety of geometries with internal contacts; additional intermediate local gates can also be integrated to measure, for example, transport along fully graphiteencapsulated gate defined boundaries.
We study two devices, both of which have large (> 10 meV) band gaps [7, 8] . Figure 1c depicts transport data at low magnetic field in Device B which shows an insulating state at B=0 and charge neutrality which persists uninterrupted in magnetic field, characteristic of a sublattice splitting we denote ∆ AB . Quantum capacitances [7] and activated transport measurements (Fig. 1d , for Sample B) show that ∆ AB ≈ 10−20 meV for both devices. At B=14 T, a series of insulating states are observed at fractional filling for p<7 and are highly symmetric under particle hole inversion across the single Landau level, ν ↔ −1 − ν. (d) Fractional quantum Hall states in Device A at 18T. A robust insulating state is observed at ν = −1/2, accompanied by loss of particle hole symmetry, consistent with recent capacitive measurements of sublattice gapped monolayers [4] . measurements in devices with finite ∆ AB [4] .
The high quality of the insulating FQH states allows us to perform quantitative measurements of the FQH gaps using thermal activation. Activation gaps measure the energy to the lowest lying charged excitations, which for a single component system is a quasiparticle/quasihole pair. In graphene quantum Hall systems, however, the spin and valley degrees of freedom allow for activated charge transport via low energy spin-or valley-textures, known as skyrmions. Early studies of graphene fractional quantum Hall effects, for example, did not observe a state at ±5/3 despite robust gapped states at ±4/3, ±2/3, and ±1/3 [14, 18] , which was understood as arising from the prevalence of valley skyrmion excitations at ±5/3. Spin and valley physics is even more complex near ν = 0 [21] , precluding quantitative comparison of FQH gaps to numerical calculations which are most accurate for systems without internal degeneracy.
The role of internal degeneracy in FQH systems is controlled by the ratio between the single-particle splitting of that degeneracy (the spin-or valley-Zeeman energy E Z ) and the Coulomb energy, κ = E Z /E C , where E C = e 2 /( B ) ≈ 8.5meV B ⊥ (T esla) using the measured [22] in-plane dielectric constant of the encapsulating hBN layers = 6.6. Theoretical calculations [23] suggest that multicomponent physics is relevant in the FQH regime only for small values of κ < 0.05, with the precise threshold strongly dependent on the filling factor. In graphene, the spin and valley degeneracy can each play a role; however, we note that in the lowest Landau level, the large AB-sublattice splitting in our devices amounts to a large valley Zeeman effect [7] so that κ > 0.275 over the range 0 < B ⊥ < 18T. The valley degree of freedom is thus inert within the lowest Landau level. The regime of low κ is achievable in the spin sector, however, with
Spinful excitations are directly sensitive to the Zeeman energy gµ B B T , where g=2 is the electron gyromagnetic ratio, µ B is the Bohr magneton, and B T is the total magnetic field. Spin physics thus manifests in measurements in which B ⊥ is held constant while B T is varied. Figure 2a -b show thermal activation gap measurements for a range of fractional filling at perpendicular magnetic field B ⊥ = 10T and total magnetic field B T = 14T (corresponding to κ = 0.06). We find that within the measurement error, the gaps measured at B ⊥ = 10T , B T = 14T are equal to those measured at B ⊥ = B T = 10T . Absence of B T dependence of activation gaps indicates that only a single-spin component is relevant. As depicted schematically in Fig. 2c , the energy gaps are highly particle hole symmetric across an individual spin-and valley resolved Landau level, as expected for single component FQH systems. This is in contrast to previous measurements in monolayer graphene devices with ∆ AB ≈ 0, where multicomponent physics destroys particle T , the polarized −2/3 state has low energy excitations consisting of a spin reverse particle-hole pair, while the −1/3 state admits only spin-0 particle-hole excitations. For BT > B * T , the lowest excitation in both states is a spinless particle-hole pair. , hole symmetry [4, 14, 18] .
In order to quantify this further, we compare the FQH gaps to exact diagonalization calculations [9] . We capture the effect of residual disorder using a phenomenological Landau level broadening, Γ, such that the measured gaps ∆ meas = ∆ ED − Γ. All four series of gaps within the lowest Landau level are well fit assuming a single Γ = 7.2 K. For comparison, similar analysis on a GaAs 2DEG of mobility 7 × 10 6 cm 2 /V sec found Γ = 2 K from fitting the behavior of the 1/3 state.
At low magnetic field, in contrast, several gaps within the lowest Landau level show strong B T dependence. 
FQH physics.
The behavior at all n/3 fillings is qualitatively captured by considering a simplified noninteracting composite fermion (CF) model, sketched in Fig. 2f . In the CF picture, FQH states at filling ν = p/(2p ± 1) and external field B are envisioned as integer quantum Hall effects of emergent, noninteracting composite particles consisting of an electron and two magnetic flux quanta at an effective magnetic field of B eff = 1 − 2 ν and filling factor ν eff = p. Thus the −1/3 state corresponds to filling a single CF Landau level, known as a Λ-level, while the −2/3 consists of filling 2 Λ levels. The −5/3 and −4/3 states are related by particle hole symmetry across the 2-component Landau level, ν ↔ −2 − ν.
In this picture, the Zeeman energy at B ⊥ /B T = 4T /4T is sufficient to spin polarize the −2/3 ground state, but small enough that the low energy excitations are spin flips [24, 25] . For B T > B * T , however, the increased Zeeman energy makes the spin flip excitation energetically unfavorable, resulting in a crossover to a conventional inter-Λ level particle-hole excitation without a reversed spin. At ν = −1/3, in contrast, spin-flip excitations are not favored even at the lowest values of κ probed.
In real systems, residual composite fermion interactions lead to significant corrections to energy gaps and the details of spin transitions, which can be captured by numerical simulations. Our nonobservation of spin-flip excitations at ν = −1/3 is consistent with such calculations, which predict such excitations for κ < 0.009, or B ⊥ = B T < 0.44 T in hBN encapsulated graphene [26] . In an interacting composite fermion picture, moreover, the spin flip excitations themselves can involve multiple spins, which manifest in the B T dependence of energy gaps. In particular, ∂∆/∂B T = sgµ B , where s corresponds to the number of flipped spins. Our observation of s > 1 (see Fig. 2e ) suggests that excitations at ν = −2/3, −4/3 are extended spin textures rather than single reversed spins. The nature of thermal spin excitations at ν = 2/3 has only begun to be addressed numerically [27] , however, precluding detailed comparison with theoretical calculations. Finally, in the absence of a Zeeman effect, interactions favor a spin unpolarized 2/3 state for κ < 0.017 [23, 28] , an essential ingredient in several proposals for realizing non-abelian defect states in graphene/superconductor heterostructures [6] . A spin unpolarized −2/3 is thus expected at B ⊥ = B T < 1.8T, likely accessible in lower temperature measurements.
The first excited Landau level, located between ν = −2 and ν = −6, also shows robust FQH sequences (Fig. 3a) , with activation gaps which also show minimal dependence on the Zeeman energy (see supplementary information). However, activation gap results diverge from those in lowest Landau level (Fig. 2b) . Most prominently, there is no particle hole symmetry across the entire four-fold degenerate level; i.e., the energy gap −2−ν ∆ = −6+ν ∆. This absence of particle hole symmetry indicates that Landau level mixing plays an important role in determining the size of activation gaps. In this picture, FQH states in the first excited Landau level mix at high |ν| mix more heavily with the higher Landau levels, whose orbital structure is less favorable to FQH states. Because detailed numerical simulations of FQH gaps including mixing applicable to the first excited graphene Landau level are not available, we analyze the data using a noninteracting composite fermion picture. The CF picture predicts a linear dependence of the energy gaps on ν within each FQH series, a trend well matched by the data, and allows us to quantify the trend in ν across the level for comparison to future numerical simulations. In addition to the broadening Γ defined above, linear fits are parameterized by a phenomenological composite fermion cyclotron mass m cyc such that ∆ meas = eB eff mcyc − Γ. The inset of Fig. 2b shows the result of free fits of the measured gaps across the Landau level.
In addition to allowing quantitative measurements of fractional quantum Hall states, our Corbino geometry also reveals new phases at and near integer filling. For example, careful examination of low B ⊥ measurements in the first excited Landau level reveals a phase transition at ν = 4 between distinct low-and high-B insulating states, with a conducting transition at B ⊥ ≈ 2.3T (Fig. 4a-b) . Increasing B T by tilting the field strengthens the high B ⊥ state, suggesting that it is spin polarized (SP) while the low B ⊥ insulator is a spin unpolarized valley ordered (VO) state (Fig. 4c) . The transition can be understood by competition between the spin Zeeman effect and a valley-splitting ∆ V , with the transition occurring when ∆ V = E Z , allowing us to estimate ∆ V ≈ 3K (Fig. 4d) . However, the origin of ∆ V is not clear. While a sublattice gap ∆ AB generates a large single particle splitting in the lowest Landau level, it generates a much smaller splitting in the first excited Level of ∆ V 1K. It is instructive to compare the competition between the phases in the first half-filled Landau level (ν = −4) in which a valley Zeeman due to the band structure is weak, with the competition between the phases in the lowest half-filled Landau Level (ν = 0). In the latter case, anisotropy of the Coulomb interactions themselves [29, 30] choose between a set of nearly degenerate states polarized within the spin-and valley-isospin space. The resulting ground state is believed to be an antiferromagnet, which can be suppressed in favor of a spin polarized state by large B T . Determining the nature of the low-B insulating state at ν = −4 may involve a similarly subtle interplay of anisotropies of both single-particle and many-body origin.
In conclusion, we have introduced a versatile fabrication method for producing van der Waals heterostructure devices in which measured transport occurs entirely through the sample bulk. Precision measurements of activated transport reveal that graphene 2D electron systems are comparable to high mobility GaAs quantum wells in sample quality, and can realize much of the same fractional quantum Hall physics. Our results clarify the role of spin physics in graphene, which is of critical importance for superconducting proximity effects in the fractional quantum Hall regime [6] , and reveal new insulating phases which will be the basis for future study of correlated electrons in a magnetic field. Future experiments may also leverage this fabrication technique, for example to study edge transport in entirely gate-defined devices fabricated in the interior of a single graphene flake. Optical images of the different fabrication steps of device A are shown in Fig. 1 . The initial stack had the following structure: hBN/graphite/hBN/MLG/hBN/graphite (top-to-bottom). hBN flakes used in devices A and B have thickness of 50-60 nm. The openings for contact regions were etched in the top hBN/graphite layers by a partial CHF 3 /O 2 etch with PMMA mask. Then the stack was picked up from substrate onto PPC/PDMS structure analogous to those used during the stack assembly. PPC film was separated from the PDMS substrate and applied to a new substrate so that the stack is on top of the film. Then the PPC between the stack and the substrate was removed by annealing at 375
• C. This accomplishes flipping the stack (Fig. 1c) . O 2 etch is used to make openings in the top graphite layer, which are aligned with the openings in the bottom gate but have a larger size. The partial stack is them covered with another hBN flake to isolate the top gate from the contact leads which run on the top surface of the device. A 40 nm thick Al mask made by lift-off was used for the final etch to define the shape of the device and to etch tranches in the contact regions where the MLG layer is contacted. The contacts were made by deposition of Cr/Pd/Au contacts 5/15/160 nm and subsequent lift off.
Device A has three islands where the contact to the dual-graphite-gated MLG is made. One of them is shown in the inset of Fig. 1h . The center of each island has a trench which is etched through the entire stack. Adjacent to each side of the trench are two small contact regions, in which graphene is gated only by the substrate. Voltage of -20 to -70 V is applied to the substrate during the measurement to dope the contact regions and decrease the contact resistance. The tranche and two contact regions are surrounded by region of the stack where graphene is gated by the bottom gate. During the measurements of conductance in device A, presented in this paper, two contacts belonging to different islands were used as a source and a drain. Bottom gate was used to control the carrier density in MLG layer, while the top gate was grounded. In device B, the contact regions have simpler structure (inset in Fig. 2c ): nearly coincident circular windows are etched in both gates across which a trench is etched. During the measurements top gate was used to dope the MLG layer and the bottom gate was grounded.
Most of the measurements were done in a dilution refrigerator equipped with a rotator probe. The measurements at high fields (> 14 T) were conducted in He 3 refrigerator at the National High Magnetic Field Lab. The conductance of the devices was measured by applying ac voltage excitation of 50-200 µV to one of the contacts which acted as a source. One of the other
